The nuclear matrix has remained a contentious structure for decades; many believe that it is an artefact of harsh non-physiological procedures. However, its visualization using milder experimental techniques is leading to its general acceptance by the scientific community. It is a permanent network of core filaments underlying thicker fibres which is proposed to be a platform for numerous important nuclear activities such as transcription and DNA repair. Interestingly, A-and B-type lamin proteins and emerin are components of this nuclear structure; however, they are often referred to only as nuclear envelope proteins. The present mini-review intends to provide an overview of the nuclear matrix, mentioning both its constituents and functional significance. The impact of disease-causing mutations in both emerin and lamin proteins on the structure's ability to regulate and mediate nuclear processes is then discussed.
The nuclear matrix
The term nuclear matrix (NM) was first coined by Berezney and Coffey in 1974 [1] and was, at the time, used to describe a newly isolated nuclear fraction. The authors had achieved this by treating nuclei with both high salt molarities and DNase I, which functioned to extract the soluble proteins present and remove the DNA [1] . Since then, criticism over the technique has been rife; some suggest that the structure is an artefact resulting from harsh non-physiological extraction methods [2] . As a consequence of this, numerous modifications to this biochemical technique have been made [3] , resulting in nuclei being subjected to more physiologically accurate conditions [4] . However, these modified procedures tend to generate differing structures, and, as a result, compiling evidence from various findings to create an overall picture of the NM is difficult. There is a general consensus in the field that the NM is a proteinaceous RNA-rich network of thick polymorphic fibres, underlying which are thinner core filaments [3, 5, 6] . It is also found to be present regardless of transcriptional activity [3] .
Nuclear matrix proteins
A recent study suggests that over 400 NMPs (NM proteins) exist [7] . Of these, nearly 50 % are components of the internal NM, whereas 130 exhibit a cell-cycle-dependent association with the structure [7] . Indeed, the distributions of specific NMPs in the cell are being considered as a diagnostic tool in numerous cancers, including those affecting the breast, colon, cervix and prostate; certain NMPs are also implicated in the pathogenesis of certain leukaemias [8] .
Interestingly, several important INM (inner nuclear membrane) proteins are components of the NM. To date, this is true of both A-and B-type lamins [9] [10] [11] and emerin [12] . However, it may become apparent in the future that numerous other INM proteins also associate with the NM. Using immunolabelling coupled with electron microscopy, Hozak et al. [9] detected the presence of lamin proteins in the NM; the intensity of staining, however, was more prominent with those antibodies targeted against A-type lamins (rather than B-type lamins). Another important observation made by this study was that while the 'knobs' and 'clumps' of the NM reacted strongly with anti-lamin antibodies, the core filaments certainly did not [9] . The authors thus indicate that another intermediate-type filament could be the main constituent of these core filaments [9] . Although this study used HeLa cells, Barboro et al. [10] examined rat hepatocytes; again, like Hozak and colleagues, they found that lamin proteins were major components of the structure. Unfortunately, evidence linking emerin to the NM is not as abundant; however, it does exist: one study has detected the presence of the protein within the structure by using immunocytochemistry [12] .
The role of the NM in genome organization
Research has demonstrated that the NM has many interaction partners and is involved in several nuclear processes. In the interphase nucleus, chromosomes occupy discrete nuclear areas, denoted 'chromosome territories' [13] . It has been shown that this organization is non-random and alters according to cell-cycle status [14, 15] . Ma et al. [6] demonstrate that this arrangement is in fact mediated by the NM; the extraction of the structure resulted in the disruption of these territories. In both mammalian interphase and mitotic states, chromatin is arranged into repeating loops, approx.
50-200 kb in length; it is hypothesized that these loops are anchored to the NM via their MARs (matrix attachment regions) or SARs (scaffold attachment regions) [16, 17] . Although thousands of these regions are estimated to exist in the genome, in relative terms, very few have been characterized [18] . Interactions between MARs and the NM are proposed to be more dependent on their structural conformation than the DNA sequences alone [19] . Furthermore, although these mammalian elements are evolutionarily conserved, they exhibit high levels of heterogeneity [20] .
Associations between certain DNA sequences and the NM appear to be determined by transcriptional status and, as a result, are transient. Gerdes et al. [21] showed that transcriptionally inactive sequences interact loosely with the structure, whereas associations between the NM and transcriptionally active DNA are tighter. Subsequently, Croft et al. [22] reported similar findings when comparing the NM's associations with gene-dense chromosome 19 and gene-poor chromosome 18 .
In addition to its role in chromatin modelling, the NM is thought to serve as a platform for the regulation of cell-cycle progression and DNA repair. A significant relationship exists between the NM and p53; this major tumour-suppressor protein initiates an array of key cellular responses. Concomitant with an increase in p53 levels, p53 binding to the NM is augmented in response to DNA damage [23] . It has thus been suggested that this interaction is vital for the correct and efficient activation of p53-related pathways, following genotoxic stress [23] . By creating structural mutants, it was demonstrated that residues 67-98, located in the protein's N-terminus, mediate this binding [23] . Adding further to the view that the NM has a role in co-ordinating DNA damage signalling, a cell-cycle-dependent relationship with Rad51 has been reported [24] . In addition, another key tumour-suppressor protein, pRb (retinoblastoma protein), is thought to associate with the structure [25, 26] . This binding, however, is found to be restricted to the pRb's hypophosphorylated form, which functions to prohibit cell-cycle progression in non-proliferating cells [25, 26] . The observation that A-type lamins preferentially associate with this hypophosphorylated variant of pRb should not be overlooked since it further strengthens links between lamin A, the NM and this key regulator of cell-cycle control [27] .
Numerous other proteins are also documented to interact with the NM; indeed, it is suggested that 30 % of nuclear proteins are NMPs [28] . One example of an NMP is RGS12TS-S, a known RGS (regulator of G-protein signalling). Significantly, it plays a role in the control of transcription and cell-cycle progression [29] . The cyclin kinase CK2 is also an NMP [30] along with ERα (oestrogen receptor α) [31] .
The fact that such a variety of NMPs exists demonstrates that the NM functions to arrange and regulate a wide array of cellular activities. Thus, if compromised, one would expect its organizational roles to be perturbed, leading perhaps to disease.
A link between pathology and NM perturbation?
As mentioned above, the composition of the NM appears to be modified in some human diseases; this is especially true of certain cancer types. A recent review by Leman and Getzenberg [32] discusses the use of NM-associated proteins as diagnostic biomarkers in cancer. Much of the article concentrates on work performed in their laboratory; significantly, they have identified NM-associated biomarkers for prostate, colon and bladder cancers [32] . In the case of prostate disease, they have discovered NMPs which are present in cancerous cells, but are lacking in normal prostate cells; one such protein has been named the EPCA (early prostate cancer antigen) [32] . Interestingly, another study found that the lamin composition of the NM is also disrupted in this particular cancer type [33] .
Although changes in the NM environment have been reported repeatedly in cancers, evidence to prove that this also occurs in other diseases is sparse. In the light of this, we have decided to focus the remainder of the present review on the effect of mutations in the genes encoding A-type lamins and emerin on NM integrity.
HGPS (Hutchinson-Gilford progeria syndrome) is a rare premature aging disease characterized by micrognathia, alopecia, short stature, insulin resistance, delayed dentition and absent sexual maturation [34] . Unfortunately, death due to atherosclerosis usually occurs during teenage years [34, 35] . The disorder is included under the umbrella of diseases called the 'laminopathies', so termed as they result from a mutation in the LMNA gene. This gene, through alternate splicing, principally encodes lamins A and C [36] .
Mutations in LMNA can also lead to other human disease phenotypes. There are several different missense LMNA mutations which are reported to cause the premature aging disease, atypical Werner syndrome [36] . These affect amino acids situated in the N-terminus of the lamin A protein, whereas, in HGPS, the C-terminal end is most frequently disrupted. Although opposite regions of the protein are mutated, the symptoms observed in the two diseases overlap somewhat [37] .
To complicate matters further, LMNA mutations can also lead to autosomal dominant EDMD (Emery-Dreifuss muscular dystrophy) [36] . A study by Brown et al. [38] observed that the majority of the LMNA exons affected in EDMD shared a common trait: the mutations disrupted residues in the protein's central rod domain. Perhaps unsurprisingly, it was revealed that the disease-causing mutations altered evolutionarily conserved residues. Consequently, the authors suggested a functional or structural importance of these sites [38] .
In fact, EDMD was first reported as an X-linked disorder, resulting from mutations in EMD, the gene encoding emerin [36] . It has been classed as a myopathy since patients experience muscle weakness, early contractures of the elbow, cardiac problems and shortening of the Achilles tendon [39] . In the majority of cases, there is a loss of emerin expression rather than the generation of a defective product [40] . Mutations in LMNA also lead to DCM (dilated cardiomyopathy) and LGMD1B (limb-girdle muscular dystrophy type 1B); although these are symptomatically distinct in several ways, they are both characterized by cardiac involvement [36] . Furthermore, mutations in this gene can lead to the peripheral axonopathy, CMT (Charcot-MarieTooth) type 2 B1 [36] ; in this disease, the extreme C-terminus is affected. In addition, lipodystrophies such as Dunningantype familial partial lipodystrophy and mandibuloacral dysplasia type A can result from LMNA mutations [36] .
One can only hypothesize, at this stage, the effect of specific LMNA or EMD mutations on the functioning of the NM. Moreover, it would perhaps be pertinent to determine the residues required for the integration of both lamin A and emerin proteins into this nuclear structure. It is possible that different regions of these particular NM proteins are essential for the structure's mediation of several important nuclear processes, such as those involved in transcriptional regulation and DNA repair.
Associations between the NM and specific DNA sequences are thought to be transient, with transcriptionally active sequences binding tightly to the structure, while those with looser attachments are said to be transcriptionally inactive [21] . The perturbation of these interactions is believed to contribute to the manifestation of certain diseases such as male infertility, cancer and fascioscapulohumeral muscular dystrophy [41, 42] . This is perhaps unsurprising, since it has been shown that MARs have a role in regulating chromatin remodelling and, consequently, transcription, whereby the loss of MARs leads to repression of transcription, while the presence of such sequences results in elevated gene expression [43] . These elements are also thought to mediate enhancer activity [44] as well to provide insulation from suppression [45] . Heng et al. [17] proposed that these MARs co-ordinate interactions between transcription machinery and genes requiring expression. MARs can be placed in one of two categories: 'functional' MARs are thought to mediate gene expression, whereas those of the 'structural' variety act as anchors. It has been suggested that MARs have a tendency to cluster in specific areas of the genome and, interestingly, this is true of mammalian telomeres: there is at least one MAR present per kb of telomeric sequence [46] . This is in line with observations that human telomeres are tethered to the NM by their TTAGGG repeats [47] .
Importantly, A-and B-type lamins have been specifically recognized as MAR-binding proteins [48, 49] . In the light of this, it could be possible that a dysfunctional NM, created by mutations in either lamin or emerin proteins, could lead to the deregulation of chromatin organization and thus gene expression. A recent study has demonstrated that, when the integrity of the NM is compromised (by depleting lamin B1 from human cells), RNA synthesis is inhibited, a consequence of reduced RNA polymerase I and II activity [11] . Evidence also supports the notion that DNA repair factors require a fully functional NM in order to mediate the repair of DNA damage; for example, the structure appears to co-ordinate the localization and functioning of p53 [23] , along with other integral DNA-damage-response proteins. Indeed, it has been shown that certain p53-mediated pathways are affected in Lmna-deficient mice [50] .
Using DNA halo preparations as a platform to analyse chromosomal associations with the NM
Research has demonstrated that interactions between the NM and certain DNA sequences do alter according to transcriptional state; indeed, transcriptionally active gene sequences appear to form tighter associations with the NM [21, 22] . DNA-NM associations can be examined using a variety of biochemical techniques, one of which is the DNA halo preparation: nuclei are subjected to permeabilization and extraction procedures, which function to remove all soluble proteins, leaving only the NM and DNA behind. Theoretically, regions of DNA attached to the NM remain in a so-called 'residual nucleus', whereas unattached DNA loops are released, forming a 'halo' of DNA (see Figures 1  and 2 ). Subsequently, two-dimensional FISH (fluorescence in situ hybridization) can be employed for chromosome visualization (L.S. Elcock and J.M. Bridger, unpublished work).
In our laboratory, we are using these DNA halo preparations coupled with two-dimensional FISH to inspect further the relationship between the genome and the NM. In particular, we are focusing on the importance of both lamin and emerin proteins in maintaining the integrity of the NM. To date, we have identified some very interesting trends which demonstrate that both lamin A and emerin are integral components of the NM, required for the correct attachment of chromosomes and, more specifically, telomeres to this nuclear structure (see Figures 1 and 3) . Hopefully, this work will help to reveal the contribution of a dysfunctional NM to human disease.
Conclusions
It is becoming increasingly apparent that a link between the NM and disease pathology exists; while researchers continue to explore this relationship in cancers, its potential importance in other disorders has been overlooked in the past. The NM should be viewed as a platform which mediates chromatin modelling, DNA repair and cell-cycle control; it is logical to envisage that a dysfunctional NM, resulting from mutations in proteins such as lamin A and emerin, could contribute to disease pathology. Leading on from this, researchers also need to consider lamin A and emerin, not only as nuclear envelope proteins, but also as integral NM components.
